Abstract: Plasmon-induced transparency in terahertz metamaterials markedly modifies the dispersive properties of an otherwise opaque medium and reveals unprecedented prospects on novel functional components. However, plasmon-induced transparency in metamaterials so far exists in a narrow frequency band or without actively tunable abilities. Here, we demonstrate optical control of a broadband plasmon-induced transparency in a hybrid metamaterial made from integrated silicon-metal unit cells. Attributed to the modification in damping rate of the dark mode resonators under optical excitation, a giant dynamic amplitude modulation of the broadband transparency window is observed. The scheme suggested here is promising in developing broadband active slow-light devices and realizing on-to-off switching responses of the terahertz radiation at room temperature.
Introduction
Recently, electromagnetically induced transparency (EIT) or plasmon induced transparency (PIT) behaviors are widely realized in metamaterials to mimic the quantum phenomena that occur in classical three-level atomic systems [1] . Due to effective medium characteristics of those artificial micro-and nano-structures, such as cut wires [2] , split-ring-resonators (SRRs) [3] - [5] , dipole-quadruple coupled systems [6] , [7] , Fano resonators [8] - [10] , and multi-layer fish scales [11] , the PIT effect was originated from destructive interference between different resonance modes. In PIT metamaterials, as a sharp transparency window emerges within an absorption spectrum, a strong dispersion is induced over the narrow spectral range, making the PIT metamaterials very promising in sensing, ultrafast switching, and slow-light applications [12] - [15] .
In particular, active control of the resonance attracts much interest in realistic applications using various active schemes in metamaterials [16] - [23] . Previous work demonstrated that superconducting metamaterials were utilized to achieve thermal control of the PIT transmission [20] - [22] ; however, the resonance properties were limited by cryogenic temperature environment with a relatively slow response. Recently, optical tuning of an EIT-like metamaterial was reported [19] , showing ultrafast modulation speed and on-to-off switching capabilities. However, all these actively controlled EIT-like metamaterials were implemented with narrow band modulations [17] - [19] . In contrast, the broadband features are expected to significantly expand the scope of the PIT applications. In this article, we demonstrate an active broadband PIT in terahertz metamaterials, in which photoactive silicon (Si) islands are integrated into the functional unit cells. The amplitude of the broadband transparency window is dynamically modulated under photoexcitation at room temperature. Tuning behavior of a large delay-bandwidth product over 0.28 THz is also observed. The scheme proposed here is promising in developing reconfigurable wide-band slow-light devices and filters with appropriate trade-off between the group delay and bandwidth. The ability to actively slow down wide-band terahertz radiation will play important roles in broadband communications and sensing.
Sample Design and Fabrication
As illustrated in Fig. 1(a) , the unit cell of the PIT metamaterial is comprised of two pairs of identical and gap opposite-directed U-shaped SRRs, symmetrically placed on both sides of a central metallic bar resonator, in which the Si islands connect the arms of the SRRs. The metallic structure of the metamaterial was fabricated on a Si-on-sapphire (SOS) wafer comprised of 500-nm-thick undoped Si film and 470-m-thick sapphire substrate. The U-shaped SRRs and bar resonator were made from 200-nm-thick aluminum, which were deposited on the SOS wafer after the Si islands were patterned by reactive ion etching. The unit cells are arranged in the periods of P x ¼ 114 m and P y ¼ 134 m. The sample was characterized using a home made optical-pump-terahertz-probe (OPTP) system, as shown in Fig. 1(b) . In the experiment, the laser beam came from a Ti: a sapphire regenerative amplifier (Coherent Lasers) with a pulse duration of 35 fs at 800 nm and a repetition rate of 1 kHz. The output beam was split into three parts for terahertz generation, probe, and optical pump, respectively. For the terahertz generation, a LiNbO 3 crystal was employed in the OPTP system. By using a tilted-pulse-front technique, intense ultrashort terahertz pulses were achieved. The generated terahertz radiation was detected by electro-optic sampling in a 1-mmthick (110)-orientated ZnTe crystal with a weak probe pulse. Here, two off-axis parabolic mirrors were used to focus the terahertz beam on the metamaterial sample with a spot size of 1.8 mm in diameter, while the optical pump beam exciting the sample had a spot diameter of 10 mm, ensuring uniform excitation of the array sample. The metamaterial was measured under normal incidence of the terahertz beam with electric field parallel to the bar resonator. The transmission spectrum was extracted from Fourier transforms of the measured time-domain electric fields, which was defined as jt ð!Þ ¼ jẼ S ð!Þ=Ẽ R ð!Þj, whereẼ S ð!Þ andẼ R ð!Þ are the Fourier transformed electric fields through the sample and reference (a bare sapphire wafer identical to the sample substrate), respectively.
With a careful arrangement of the four U-shaped SRRs, an obvious broadband transparency window was observed due to both electric and magnetic interactions between the U-shaped SRRs and the central bar resonator and the couplings among the four U-shaped SRRs as well. In this PIT metamaterial, the metallic bar resonator serving as a bright mode shows a typical dipolar localized surface Plasmon (LSP) resonance at 0.66 THz. The U-shaped resonator, on the other hand, serves as a dark mode and does not resonate excited under the same orientation of the electric field. The inductive-capacitive (LC) resonance at 0.71 THz can only be excited with a perpendicularly polarized electric field or near-field excitation of the bright resonator. Here, the resonance strength and bandwidth of these two types of individual resonators are quite different. The resonance dip of the bar is much deeper than that of the U-shaped resonator. These fulfil the PIT design rules [2] , [19] , and thereby, when the four U-shaped resonators, as well as the bar resonator, are combined in a unit cell, due to existence of the multiple dark resonators, the enhanced near-field coupling between these two types of modes leads to a transparency feature over a broad spectral range extending from 0.54 to 0.82 THz with a central frequency of 0.68 THz between the two resonance dips.
With the unique integration of the Si islands in the sample, dynamic modulation of the broadband PIT transmission amplitude was achieved by varying the optical pump power, as illustrated in Fig. 2 . The measured time-domain pulses and the corresponding transmission spectra are shown in Fig. 2(a) and (b) , respectively. Obviously, with the increase of the optical power, the ringing following the main pulse is gradually suppressed and the PIT transmission is greatly reduced in magnitude correspondingly. In Fig. 2(b) , it is indicated that the transparency window amplitude decreases from 91% to 55% with optical excitation scaling from 0 to 1200 mW. At the maximum excitation of 1200 mW, the PIT transparency window vanishes, accompanied by a single broad LSP resonance.
Analysis and Discussion
To elucidate the underlying mechanism of the active PIT modulation, a widely used coupled Lorentz model is adopted to reveal the coupling characteristics between the bright and dark modes with varied optical excitations. The coupling behavior between the bright and dark modes can be analytically described by the following model:
where x 1 , x 2 , 1 , and 2 represent the amplitudes and the damping rates of the bright and dark modes, respectively. ! 0 ¼ 2 Â 0:66 THz and ! 0 þ ¼ 2 Â 0:71 THz are resonance frequencies of the bright and dark modes, respectively. is the coupling coefficient between the two modes and g is a geometric parameter indicating the strength of the bright mode coupling with the incident field E. In (1), it has been assumed that the dark mode does not couple with the incident light, and the susceptibility e of the PIT metamaterial unit cell can be described by the parameters , 1 , 2 , , and g. Thus, the susceptibility of the PIT metamaterial layer with a thickness d is expressed as ¼ e =d (here d is the thickness of the PIT metamaterial layer).
As the PIT metamaterial layer is sufficiently thin, the terahertz pulse reflected from the PIT layer surface could not be separated. Thus, we need to use the Fabry-Perot interference transmission equation to obtain the far-field transmission of the PIT sample. The transmission of the PIT layer sandwiched between the air and sapphire substrate is expressed as
For the sapphire reference, the first air-sapphire interface transmission can be obtained with Fresnel coefficients:
whereñ PIT ¼ ffiffiffiffiffiffiffiffiffiffiffiffi 1 þ p and n Sap ¼ 3:42 are the refractive indices of the PIT metamaterial layer and lossless sapphire substrate, respectively. c is the light velocity in vacuum.
Furthermore, the normalized transmission spectrum is defined as
Since d $ 700 nm is much smaller than the wavelength of the terahertz wave, the d ! 0 limit in (4) can be adapted to evaluate the measured far-field transmission, as follows: 
The analytical fit to the measured transmission amplitudes in the experiments based on (5) was implemented. The fitted curves under different photoexcitation fluencies are shown in Fig. 2(c) . Obviously, a qualitative agreement between the experimental and calculated results is achieved. The fitting parameters with optical excitation powers are listed in Table 1 . It is seen that the damping coefficient 1 of the bright mode, the detuning of the resonance frequency of the dark mode from the bright mode and the coupling coefficient between the two types of modes do not change significantly with the pump power. Whereas, the damping coefficient 2 of the dark mode obviously increases from 0.025 to 0.871 when the pump power rises from 0 to 1200 mW. The results indicate that the increasing of the pump power enhances the losses of the four U-shaped resonators, namely suppressing the dark mode resonance, which hampers the destructive interference between the bright and dark modes. As a result, the broadband PIT transmission amplitude is actively tuned. Moreover, the experimental and calculated results are confirmed by full-wave numerical simulations using CST Microwave Studio commercial software. We simulated a single cubic unit cell, as shown in Fig. 1(a) , with the Si islands connecting the arms of the opposite U-shaped SRRs on each side of the metallic bar. The Al structures were simulated as lossy metal with a conductivity of 3:72 Â 10 7 S m À1 , the sapphire substrate was treated as a lossless dielectric with " Sap ¼ 9:48 and the photoexcited Si islands were modeled with a pump-power-dependent conductivity. When the pump power was increased from 0 to 1200 mW, the conductivity of the Si islands was varied from 13 to 5:0 Â 10 4 S m À1 . It is clear that the simulations support the observed experimental behavior [see Fig. 3(c) ]. In addition, to gain insight into the modulation properties of the active sample, we also simulated the electric field and surface current distributions at the central frequency (0.68 THz) of the broadband PIT window, as shown in Fig. 3(a) and (b) . The transmission spectra of the PIT metamaterial with the Si islands having the conductivity of Si ¼ 13, 1:6 Â 10 4 and 5:0 Â 10 4 S m À1 , respectively, are present in Fig. 3(c) as well. Clearly, without photoexcitation, the electric field and surface current are mainly localized in the four U-shaped SRRs, whereas that in the metallic bar is completely suppressed, which is a typical PIT effect. Here, the Si islands due to its dielectric property do not influence the PIT transmission properties. When the conductivity of the Si islands increases gradually under photoexcitation, the four U-shaped SRRs exhibit enhanced damping, until the PIT transparency window disappears and a LSP resonance arises, as presented in Fig. 3(c) . Significantly, with the pump power up to 1200 mW, the excitation of the dark mode (in the four U-shaped SRRs) is suppressed, and the electric field and surface current are relocalized in the metallic bar, which leads to the disappearance of the PIT transparency window. The simulation results demonstrate that the active modulation of the broadband PIT metamaterial mainly depends on the conductivity of the Si islands under various optical excitation intensities. In Fig. 4 , we further numerically investigate and present the influence of the number of the U-shaped resonators as well as their arrangement on the broadening of the PIT window. Fig. 4(a) and (b) systematically show the evolution of the amplitude transmission of different structures with various numbers and arrangements of the U-shaped resonators. Clearly, the sole bar and the sole U-shaped resonators compose a basic unit cell to enable the PIT effect but only exhibiting a weak narrow transparency band. By introducing two U-shaped resonators either on one side or both sides of the bar resonator, the transparency window becomes broader and stronger in amplitude as well. By increasing the number of the U-shaped resonators further to four, the bandwidth of the transparency window is dramatically increased up to 0.28 THz. For all the proposed designs, the bar acting as the bright mode is strongly coupled to the incident electromagnetic field, while the U-shaped resonators are not directly coupled to the field, serving as the dark mode. The electric and magnetic field distributions of these PIT-cells at the resonance frequency 0.66 THz were given to reveal the underlying mechanism, as shown in Fig. 4(c) and (d) . It is observed that the dark U-shaped resonators are excited by both the electric and magnetic fields of the bright bar resonator. For the designs with two U-shaped resonators on different sides of the central bar, the coupling strength between the upper and lower U-shaped resonators is enhanced through the magnetic field loops established across them. In contrast, in the design with two U-shaped resonators located at the same side of the central bar, the left and right U-shaped resonators excited by the bar resonator can couple through the electrical field. Consequently, by adding more U-shaped resonators, the interaction and coupling via electrical and magnetic excitations are enhanced distinctly between these different dark U-shaped resonators and thus, contributing to the broadband PIT behavior.
To optimize the proposed PIT-cells, we have considered the impact of the spacing between the U-shaped resonators and bar resonator in simulations. the PIT window, while decreasing the value of D y would significantly broaden the PIT window without noticeable amplitude variation, attributing to the modulation of the magnetic interaction. Furthermore, the gap g of the U-shaped resonators influences the bandwidth of the PIT window as well, as shown in Fig. 5(c) . The characteristics proposed above offer important aspects in designing the broadband PIT metamaterials and slow-light components.
